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ABSTRACT ing, thermal conduction and radiative losses in the loop
itself and at the transition region/chromosphere bound-
ary. Roughly speaking one can understand static loop

In the first part of this work, we report numerical cal-  behavior quite well by assuming that the heat deposited

culations of the condensation of plasma in short coro- by the heating mechanism in the corona is largely con-

nal loops, which has several interesting physical conse- ducted back towards the chromosphere where it is radi-
guences. We propose a connection between small, cool ated away. Due to the strong temperature dependence of
loops, which presumably constitute the solar transition the thermal conduction coefficient, this scenario almost
region, and prominences in the sense that the same phys-inevitably leads to apex loop temperatures of roughly
ical mechanism governs their dynamics, namely the onset 1 MK bounded by a geometrically small transition region
of instability and runaway cooling due to strong radiative  as the temperatures fall towartls' K and chromospheric
losses. We show that the temporal evolution of these loop densities at the loop footpoints. Variations in the heat-
models exhibits a cyclic pattern of chromospheric evap- ing rate are dealt with in this type of loop by chromo-
oration, condensation, motion of the condensation region spheric evaporation or coronal condensation such that the
to either side of the loop, and finally loop reheating with  radiative losses at the top of the chromosphere balance

a period of 4000 — 8000s for a loop of 10 Mm length.  the thermal conductive flux from above (Hansteen, 1993).

Furthermore, we have synthesized transition region lines This behavior is almost independent of the details of the

from these calculations which show strong periodic in- heat deposition - as long as radiative losses near the loop

tensity variations, making condensation in loops a can- apex are not an important factor in the energy budget.
didate to account for observed transient brightenings of

solar transition region lines. Remarkably, all these dy- Clear as the model above seems, serious difficulties are

namic processes take place for a heating function which encountered as soon as loop model predictions are con-

is constantin time and has a simple exponential height fronted with the observations themselves. These difficul-
dependence. In the second part of this worki(ler et al., ties are various and sundry (Mariska, 1992) but might be
2003b), we apply this concept to large coronal loops. summarized as follows: The differential emission mea-

sures predicted by the models gives a much lower line
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UV radiation. than. what is qbserved (alternatively one coulld say that
the line emission from the upper transition region, above
10° K, is predicted much too high). In addition it is very
difficult to account for the pervasiveveragered shift of

1. INTRODUCTION up to 10km/s seen in lower transition region lines and
blue-shifts in the upper transition region and low corona
(Peter & Judge, 1999).

Since Skylab, loops have been recognized as a vital ingre-

dient in coronal structure and coronal energetics. Indeed, Several proposals have been put forward to answer the

one could imagine that the corona is entirely composed difficulties outlined above. Dowdy et al. (1986) sug-

of nested loops with varying lengths, temperatures, heat- gested a two-component transition region, consisting of
ing rates, and activity levels. A nested structure of low- magnetic funnels and a nested structure of low-lying, cool
lying cool loops was suggested by Dowdy et al. (1986) to coronal loops. This new class of static loop solutions had
explain the temperature dependence of the emission mea- been discussed by Antiochos & Noci (1986). Cally &

sure. Thus, building an understanding of loop energetics Robb (1991) argued, however, that these cool loop solu-
is obviously a desirable objective. The main components tions were unstable, and Cally (1990) proposed turbulent
in the energy balance atatic loops were identified by thermal conduction as an alternative hypothesis to ex-

Rosner et al. (1978): They consist of the unknown heat- plain the enhanced transition region emission. As for the



spectral diagnostics of transition region lines, loop dy-
namics due to downward-propagating magneto-acoustic
waves were shown to be a candidate to account for the
pervasive redshifts (Hansteen, 1993).

Numerous mechanisms of coronal heating have been pro-
posed (e.g. wave heating, nanoflares, magnetic reconnec-

tion), but independent of the detailed process of energy
release there is now observational evidence that coro-
nal loops are predominantly heated at the footpoints (As-
chwanden et al., 2000, 2001). With heating concentrated
near the loop footpoints it is no longer certain that suffi-

cient energy to counter radiative losses is deposited near

the loop apex. In fact, for such loops static solutions with
a hot midpoint may no longer exist as the radiative loss
rate increases strongly in the loop center when the tem-
perature decreases towaffiss 2-10° K. If the magnetic
field topology is such that the loop has a dip in the center,
footpoint heating can lead to the condensation of plasma
in the loop center and hence give rise to prominence for-
mation (Antiochos et al., 1999). It was also found by An-
tiochos et al. (2000) that this type of prominence forma-
tion shows a cycle of formation, motion, and destruction.
Recently, it was demonstrated by Karpen et al. (2001) that
the condition of a “dipped” geometry is indeed not a nec-

ionization.

2.1. Loop heating

In order to parametrize the energy input into the coronal
loop, we specify the energy flux amplitude at the foot-
points of the loop,F,,o, and assume a mechanical heat
flux that is constant up to a height and then decreases
forz > z; as

Frn(2) = Fnoexp[—(z — 21)/Hp] 1)
with a damping lengttd,,,. We will vary H,, between
0.25 and 3.25 Mm in the models presented below. For the
mechanical energy flux we use,o = c- 150 W/m? with

the normalization constart= 1/(1 — exp[—(zcutofr —
21)/Hm])s Zeutoft = 21 + 5 - Hyy, (Similar to the one used
by Hansteen & Leer (1995)) and sat = 1.75 Mm for

a loop of 10Mm length. The heating rate, i.e. the en-
ergy deposition per unit time and unit volume, is given
by the divergence of the energy flug,, = —VF,,.
We consider a loop of lows plasma and assume a con-

essary condition for prominence formation in long loops stant cross section of the loop, i.ed = A, = const.
(their work describes a loop of 340 Mm length). A key  This parametrization of the heating function was first sug-
element in their prominence scenario is the large ratio of gested by Serio et al. (1981) and seems to be supported
loop length to the damping length of the heating function, by recent observations (Aschwanden et al., 2000, 2001)
and the authors argue that shorter loops with a smaller as well as by numerical models (Gudiksen & Nordlund,
ratio should therefore behave differently. We present nu- 2002). Special care was taken to normalize the heat-
merical calculations which show that, depending on the ing rate to a given energy flux in order to separate ef-
damping length of the heating function, condensation is fects from changes of the amplitude of the energy flux to
also possible in short, cool coronal loops. We study the changes in its spatial distribution.

evolution of these loops, discuss static as well as dynamic

solutions and finally calculate the time-dependent emis-

sion of transition region lines arising from this model.
3. RESULTS: CONDENSATION DUE TO

THERMAL INSTABILITY

2. NUMERICAL MODEL

3.1. Initial state

We numerically solve the time-dependent hydrodynamic
equations for conservation of mass, momentum and en- Our model coronal loop has a total length of 10 Mm, con-
ergy in one spatial dimension, coupled with the ionization  sjsting of a semicircular arch of 8 Mm length and a ver-
rate equations for several elements and self-consistent ra- tical stretch of 1 Mm length at both ends. At the base
diative losses (Cf Hansteen, 1993ji\N&r et al., 2003a, we set a total partic|e density @f)ase = 8.8-102°m=3,
for details). The modeled plasma is subjected to gravi- This density corresponds (very) roughly to a height of
tational acceleration equal to that found on the solar sur- j, = 605km aboversop,m = 1 in the Vernazza et al.
face. Thermal conduction, radiative losses and a coronal (1981) quiet sun model. The ionization degree of hydro-
heating term are included in the energy equation. The gen is~ 0.3 % at this height in our model. The base tem-
internal energye, is calculated as the sum of the ther- perature is set td}.. = 7000K. In the chromosphere,
mal and internal energy including only ionization states, the temperature remains constant while the density falls
the contribution from the excitation energy is negligible.  off exponentially with a scale height of about 190 km un-
The thermal conduction is set ., = T°/2dT/dz til the transition region is encountered at 1.6 Mm. Here
(Spitzer, 1962) withcg = 1.1x10~ " Wm~1s 1 K=7/2, the temperature rises rapidly reachify K at 1.63 Mm
and5 - 10°K at 2.81Mm. The loop apex temperature
Some of the metals are treated by assuming ionization is 6.55 - 10° K. Energy losses by radiation afg,q ~
equilibrium and then deriving aa priori radiative loss 10~*Wm~3 in the coronal and transition region portions
curve as a function of electron temperature. On the other of the loop while conductive losses to the top of the chro-
hand radiative losses from the ions specifically mentioned mosphere account fovQ ~ 8- 10~*Wm~3, i.e. the

in this study, i.e. losses from hydrogen, helium, carbon
and oxygen, are computed consistently with full time-
dependent rate equations, accounting for non-equilibrium

loop is essentially a “hot loop” in that the energetics are
dominated by conduction (seeilfer et al., 2003a, for
more details on the initial state).
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Figure 1. Temporal evolution of temperature (left), veloc-
ity (center), and density (right) along the loop. The heat-
ing rate for the loop shown is characterized By,, =
151 Wn12 and a scale height off,,, = 1.25 Mm.

3.2. Loop evolution

Starting from the loop described above, we prescribe a
time-independenheating function as given by Eq. (1)
with a damping length of{,,, = 1.25Mm, which re-
sults in a heating rate at the loop center that is 15% of the
maximal heating rate,,(z1). At z = z; = 1.75Mm,

the ratio of mechanical heating to radiative lossds 2§

att = 0, while at the loop apex, it i8.10. The evolution

of the loop temperature, velocity, and density is shown in
Fig. 1. During the first 2300 s the loop cools down from
Tiop(t = 0) = 6.5-10° K to Tyop(t = 900s) = 2-10° K,
while the density stratification remains roughly constant.
At t = 2300 s there is a sudden change: The temperature
at the loop apex is no longer the maximal loop temper-
ature, and this dip in the temperature stratification am-
plifies rapidly. At the same time, a flow towards the
cooling loop apex sets in, which reachess 2km/s at

t = 3200s. Att = 3400s, a clump of cool {0* K) ma-
terial with rapidly increasing mass content has formed at
the loop apex. This clump, which we call tlhenden-
sation regionhereafter, eventually starts moving slowly
towards one loop leg and is acceleratedvte= 3 km/s
before draining into the chromospheretat 5300s. As

a result, a weak rebound shock forms on the left side,
followed by a phase of chromospheric evaporation which
refills the evacuated loop with plasma. This upflow de-
creases with time from (¢ = 5400s) ~ 1.5km/s to

v(t = 8000s) = 0. In the mean time, the apex tempera-
ture of the loop has reached its maximumiQf.x top =
3.4-10°K att = 7200s. The subsequent decline in
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Figure 2. Energy balance at the loop apex for a damping
length of H,,, = 1.25 Mm. From top to bottom: Electron
density,n., mechanical heating per particle, radiative
losses per particle, the su@,,, — Lyaa — pVv — VF,)

per particle (negative values mean that the loop apex is
losing energy), and the temperature at the loop top.

repeats.

3.3. Energy balance analysis

The formation of the central dip of the temperature strati-
fication results from the concentration of heating near the
footpoints of the loop or, to put it differently, from insuf-
ficient heating at the top. In order to better understand the
evolution of the loop, let us consider the energy balance
at the loop apex for a damping lengthff,, = 1.25 Mm.

The relevant terms for this are the mechanical energy sup-
ply, @Q.., the radiative lossed,,.q, the adiabatic com-
pressionpVv, and the divergence of the conductive flux,
VF,.. As the density in the coronal part of the loop in-
creases, the mechanical heatpeg particle @, /n., de-
creases (the ion density;,,, equals approximately the
electron densityp.). This is displayed in the top row of
Fig. 2. At the same time, the radiative losses per parti-
cle, L;.q/ne (Fig. 2,centel, increase as the temperature
drops tol’ = 2-10° K, which is predominantly due to the

temperature is first slow and then becomes faster towards temperature dependence of the radiative losses.

t = 10000s. At this time a dip in the temperature pro-
file forms again at the loop apex, and the whole process

The time-dependence of the total energy balance at the
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Figure 3. The influence of the damping lengih,,, on
the thermal evolution of the loop. Dashed lin&,,, =
1.5Mm, solid line: H,,, = 1.25Mm, dotted line:H,,, =
1.0 Mm, dash-dotted line#,, = 0.75Mm, long-dashed
line: H,,, = 0.5Mm.

"opacity” heating term. On the other hand, for longer
damping lengths witl#,,, > 1.5 Mm, the energy deposi-
tion at the loop center is large enough to sustain a stable
loop against radiative and conductive losses and an aver-
age loop temperature 8f6-10° K (for H,, = 1.5 Mm) is
reached and maintained (see Figd8shed. Even longer
damping lengths lead to stable loops with slightly higher
temperatures. The regime in between, with intermediate
damping lengths of 0.75 M H,,, < 1.5Mm, shows

the cyclic behavior described above. In these cases, the
loop exhibits a dynamic behavior, triggered by the onset
of thermal instability as described in Sect. 3.2.

As shown in Fig. 3, the period of the condensation cycle

depends on the damping length — the more the heating
is localized near the footpoints, the sooner the thermal
instability sets in.

3.5. Limit cycle of loop evolution

apex is dominated by two interacting processes, namely ag pointed out previously, the thermal evolution of the
the increase of radiative losses and the increase of density. \odel coronal loop shows periodicity for a significant

The bottomplot of Fig. 2 shows that, as a result of this  yarameter range of the damping length. To illustrate
interplay, the energy supply at the loop top becomes neg- ihis cyclic pattern, we plot in Fig. 4 the mean density,

ative att = 2000 s, which explains the developing dip in

the temperature profile. The simultaneous decrease of the

gas pressure initiates a symmetric flow towards the center

(p), of the loop as a function of mean loop temperature,
(T). ' Fig. 4 displays the loop evolution for two dif-
ferent damping lengths: Fdd,, = 1.50 Mm, the loop

of the loop, so that more and more mass is advected and a g roaches a stationary solutiapén circled, while for
condensation region forms. Once the temperature diphas rr _ | 95 Mm (dots, the loop enters a limit cycle after

formed as a consequence of the described loss of equi-

librium, a thermal instability sets in &,.q o n2. This

its initial cooling, expressing the fact that the loop evolu-
tion becomes independent of the initial boundary condi-

process of runaway-cooling has been described, €.g., by {jons. The evolution can be divided into four parts:

Antiochos & Klimchuk (1991). As our model loop is of
semicircular shape, the configuration with a condensation
region located at the very center of the loop is gravitation-
ally unstable. Therefore, the slightest perturbation forces
the condensation region to move downward in either di-
rection, where it experiences increasing acceleration as
described below.

3.4. The role of the damping length

A plausible hypothesis is that the major factor in deter-
mining the cyclic behavior of the loop lies in the damping
length,H,,,, of the heating function because this critically
influences the heat deposition at the loop top. We have
studied the influence of the damping length on the ther-
mal evolution of the loop by varying/,,, from 0.25Mm

to 3.25 Mm and in each case letting the loop model evolve
for 20000s. The temporal evolution of the mean loop
temperatures(T’), for different values of the damping
length, H,,, is displayed in Fig. 3. For this plot, we

define the mean temperature as the average temperature

over the central half of the loop, i.e. from= 2.5 Mm to
z = 7.5Mm. Let us consider the limiting cases first: For
short damping lengths aoff,,, < 0.5Mm, the loop de-

| The 10Mm loop first cools down from its initial
mean temperature of’)o = 5 - 10°K to (T
1.4-10°5K.

~
~

The onset of condensation is seen as an increase in
the mean density of the loop. The mean tempera-
ture starts to rise again shortly before the conden-
sation region leaves the loop, which is due to the
fact that one side of the loop is already reheating
while the condensation region is moving to the other
side. The stage of evolution when the condensa-
tion region drains from the loop is seen as a sud-
den drop in density frondp) = 3.6 - 107 12kg m—3

to (p) = 1.4-107'2kg m=3. One point is plot-

ted for each 10s of the evolution, and the lack of
points in this fairly large interval of mean density il-
lustrates that the condensation region leaves the loop
very quickly (but still with a velocity that is much
slower the free-fall velocity obz = 31.2 km/s for

this loop).

Ila

1From here on, we define the mean values as the average quanti-
ties over the region of the loop which lies above the transition region,
bounded by the points where the temperature crogses 10° K in

cays as not enough energy is deposited in the upper part both loop legs. The exact choice of this cut-off value does not sig-

of the loop to balance the radiative and conductive losses.
In this case the temperature in the loop falls during the
first 15000 s to roughly0* K and stays at that level for

the remainder of the model run, maintained in part by the

nificantly influence the results. In contrast to the convention used in
the previous section, this definition is independent of motions of the
chromosphere—-transition region boundary, while the former definition
was used to describe the loop cooling dowriltor~x 10% K together
with the oscillating and “hot” loop solutions.
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Figure 4. Limit cycle of loop evolution for a damping
length of H,, = 1.25Mm (dots) andd,, = 1.50 Mm
(open circles). The phases of evolution are indicated as
follows: (I): initial cooling, (Il a) condensation, (Il b) si-
multaneous evolution of the hot part of the loop (dashed
line), (lll) loop reheating and chromospheric evapora-
tion.

IIlb As the mean density of the loop during the conden-
sation phase is dominated by the condensation re-
gion itself, we also evaluated the density in the hot
part of the loop alone: Due to the formation of a con-
densation region, the density in the adjacent parts
of the coronal loop decreases which leads to an in-
crease in temperature. The mean values of the hot
part of the loop for this stage of evolution is plotted
as adashed linén Fig. 4.

Il After the condensation region has drained, the evac-
uated loop reheats and chromospheric matter is
evaporated, as indicated by the increase in mean
density. When the loop reaché®) = 3 - 10°K,

the radiative losses at the loop top are no longer
balanced by the energy supply through mechanical
heating, conductive flux, and enthalpy flux, so that
the temperature starts to decrease and the cycle re-

peats.

Cyclic evolution of coronal loops was studied for the first
time by Kuin & Martens (1982). In their semi-analytical
model, they treated the coronal loop as a zero dimen-
sional system, coupled to the underlying chromosphere.
Depending on the strength of the coupling, the authors
obtained different classes of solutions, namely solutions
converging towards a fixed point, and solutions approach-
ing a limit cycle. As the loop was treated as one zero
dimensional system, however, Kuin & Martens were not
able to model any spatially localized condensation which
in our work leads to the upward-arching branch in the
(p)((T")) diagram of Fig. 4. Considering the hot coronal
part of the loop alone, in contrast, reconciles our spatially
resolved loop model with the semi-analytical approach of
Kuin & Martens (cf. Fig. 4dashed ling

3.6. Spectral signature of condensation in transition
region lines

The fact that our numerical code self-consistently solves
the non-equilibrium ionization rate equations not only for
hydrogen and helium, but also for the atomic species C, O
(and Fe, Mg, N, Ne, and Si, if desired) offers the possibil-
ity of synthesizing optically thin transition region lines.
The inclusion of non-equilibrium ionization effects is of
vital importance when studying the spectral signature of
a plasma in alynamicstate like in the present case.

Fig. 5 displays the intensity variations of the linesvC
(154.8nm) (formation temperaturé; ~ 1 - 10°K),

OV (63.0nm) [y ~ 2.2 - 10°K), and OVI (103.2nm)

(T =~ 3.2 - 10° K) during the evolution of the loop. The
spectral lines are calculated by integrating the emission
of the entire loop as seen vertically from the top, the line
widths are given in velocity units. All three lines show
periodic brightenings which have their origin in the con-
densation process. In the case of they @ine, the strong
increase in density at the beginning of the condensation
results in high radiative losses and hence an intensity
maximum. A second maximum of slightly smaller ampli-
tude is attained when the condensation region has grown
to its maximum, shortly before draining down the loop
leg. Right after the condensation region has left the loop,
the intensity is minimal as the loop is devoid of plasma at
this stage. In the following evolution, the intensity gradu-
ally increases as chromospheric evaporation sets in again.
In contrast to this, the intensity of the\D line is maxi-

mal when the temperature is highest as the line is formed
aroundTy ~ 3.2 - 10° K. When the condensation sets in
and the maximal loop temperature temporarily sinks be-
low T' = 2 - 10° K, the intensity in O/I almost drops to
zero. The O/ line, formed around’y ~ 2.2 - 10° K, can

be considered as an intermediate case.

4. DISCUSSION

We have shown that cool coronal loops can exhibit inher-
ently dynamic behavior even under the simple assump-
tion of a mechanical energy flux into the loop that is dissi-
pated exponentially with a given scale height but constant
in time. This scenario is interesting in the sense that no
time-dependent driving mechanism is needed to generate
transient brightenings in transition region lines. Simulta-
neous observations of, e.g., the\C(154.8 nm) and the
OVI (103.2nm) lines, would be advantageous in order to
verify if this phenomenon is as ubiquitous as it seems.

Recent TRACE observations of Schrijver (2001) indeed
show frequent “catastrophic cooling” and evacuation of
coronal loops over active regions and enhanced emission
of CIV, developing initially near the loop top, followed
by quick draining. Furthermore, CDS observations by
Fredvik (2002, private communication) show localized
brightenings in coronal loops in @(63.0 nm) above the
limb which move quickly towards the solar surface and
could be interpreted as cooling plasma close to a conden-
sation region. In the second part of this work i(r
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Figure 5. From left to right: Space-time plot of the loop
temperature and the corresponding variations of the lines
of CIvV (154.8 nm) O/ (63.0nm), Ov/I (103.2nm) for a
damping length off,,, = 1.25 Mm.

et al., 2003b), we present the first results of catastrophic
cooling in long coronal loops.

The fact that the dynamic loop models described in this
work can show strong emission in lines formediat
10°K and at the same time relatively weak emission
in lines formed at higher temperatures seems promising
with respect to the outstanding problem that current mod-
els predict an emission measure that is either much lower
than the emission observedZt< 10° K or much higher
than what is observed & > 10° K. Further observa-
tional confirmation of the dynamics predicted in this pa-
per, preferably concentrating on shorter loops, would lead
to a strengthening of the hypothesis that coronal heating
is concentrated towards the footpoints of loops. Such
knowledge would be very useful to limit the number of
possible coronal heating mechanisms.
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